The perceived negative cultivar responses to mulching has limited the adoption of this practice in the South African sugarcane industry. This study was aimed at evaluating cane yield and quality responses and population dynamics of popular cultivars to mulching in the rainfed region of South Africa. A four replicate field trial was established using a strip-plot design. Cane and tons estimated recoverable crystal yields (TERC), and yield components were determined in three summer ratoons and one winter ratoon. In-season soil water and temperature were monitored. Mulching significantly improved cane and TERC of all cultivars across ratoons. The highest improvements in cane and TERC were 85% (N45) and 92% (N39) respectively. The improvements were attributed to the higher soil water content under the mulch blanket. Stalk heights, mass and population (winter ratoon) were improved at harvest for most cultivars across ratoons with mulching. Mulching reduced emergence and tillering presumably due to lower soil temperatures under the mulch blanket. The highest mulch-yielding cultivars were N47 and N42, and they increased yield by 15 and 13 t ha -1 respectively. Mulching was beneficial for sugarcane production, regardless of the cultivar and 1 ratooning season and can be recommended for all current cultivars in the coastal rainfed region.
On the other hand, there are numerous agronomic and economic advantages associated with mulching. Various studies have linked yield increases in sugarcane to the ability of the mulch blanket to retain soil water and reduce evapotranspiration (Murombo et al. 1997; Ball-Coelho et al. 1993; Van Antwerpen et al. 2006) . Woods (1991) reported a 10% yield improvement with mulching as compared to burning in Australia. Under South African rainfed conditions, Van Antwerpen et al. (2001) compared burnt and mulched treatments and reported cane yield increases of 6 t ha -1 and 9 t ha -1 per annum in favour of mulching. In Argentina, Digonzelli et al. (2011) evaluated sugarcane production for mulched and burnt cane in two harvest cycles (summer and winter harvest). In their experiment they found that the cane yield improvements due to mulching were 12 and 55% in the summer and winter ratoons, respectively.
In contrast, other studies have reported a decline in cane yield in the presence of a mulch blanket (Torres and Villegas 1995; Kingston 2002; Kingston et al. 2005) . In these studies the decline in cane yield seems to be most severe under cool and wet conditions. A mulch blanket modifies the local growing environment by altering soil temperature, radiation interception and weed competition (Wynne and van Antwerpen 2004) . These factors in turn can affect the growth and population dynamics of the crop during the growing season. For example, lower soil temperatures under the mulch blanket have been reported to slow down emergence and initial growth of sugarcane (Morandini et al. 2005; Digonzelli et al. 2009 ), leading to slower canopy development and thus lower radiation interception. This suggests that the effects of mulching are not always beneficial, and factors such as ratoon age (influences stalk population), time of harvest, and cultivar, are important considerations.
Furthermore, factors such as soil type (Van Antwerpen et al. 2002; Sandhu et al. 2013 ) and seasonal rainfall (Van Antwerpen et al. 2006 ) have been shown to play an integral role in the overall yield responses to mulching.
A factor that has received less attention in sugarcane mulch research is cultivar responses.
Sugarcane cultivars differ considerably in their agronomic characteristics and their reaction to management practices. Differences in cultivar physiology and phenology will determine how they respond to the agronomic practice of mulching (Olivier and Singels 2015) . The majority of studies on mulching have involved a limited number of cultivars (Thompson 1966; Morandini et al. 2005; Nunez and Spaans 2007; Olivier et al. 2009; Viator et al. 2009; Digonzelli et al. 2011; Viator and Wang 2011) . The South African sugarcane industry has a wide range of cultivars that are bred for specific production regions. Currently, the coastal region of KwaZulu-Natal has about 32 cultivars that are permitted for planting. Of these commercial cultivars, only six to eight currently contribute significantly to sugar production in the region (Ramburan 2013) . Recently, there have been industry reports of reduced growth vigour, establishment, and yields of certain cultivars through mulch blankets in the coastal rainfed region. However, no quantitative information exists on the reaction of these popular commercial cultivars to mulching. An understanding of the growth and yield reactions of cultivars to mulching will allow for cultivar-specific recommendations and/or adjustments of current agronomic practices to maximise yields and improve adoption. Additionally, efforts to promote green cane harvesting and subsequent biomass utilisation for electricity cogeneration are being hampered by negative reports of cultivar growth and yield responses to mulching. Linked to this issue, is the associated lack of data on actual biomass yields produced by different cultivars.
In addition to being cultivar specific, many previous studies on mulching have been conducted over a limited number of crops (Torres and Villegas 1995; Olivier et al. 2009 ), and at specific harvest times only (Morandini et al. 2005; Nunez and Spaans 2007; Romero et al. 2009 ). In order to fully understand and implement the practice of mulching, a comprehensive evaluation of the influences of cultivar, year, ratoon, and season (early vs. late) is therefore necessary. Therefore, the objectives of this study were to: (a) quantify effects of mulch vs.
burnt conditions on yield components of common commercial cultivars in the coastal rainfed region of South Africa, (b) compare these cultivars under mulch vs. burnt conditions with respect to their growth, establishment, and population dynamics, (c) monitor the influence of mulching on factors such as soil water and temperature in order to explain yield responses, and (d) quantify the amount of mulch material produced by the different commercial cultivars. Following trial establishment in 2008, the plant crops were grown to maturity (12 months) and harvested in 2009. At harvest, mulch blankets were then put down for the mulch treatments, and growing season measurements were then initiated in the first ratoon crop. The same process was then followed for subsequent ratoons. The trial was harvested annually late in the season (October) for three "summer" crops (R1, R2, and R3). The fourth ratoon crop was grown for a period of eight months and then "cut back" in June. The subsequent fifth ratoon was then harvested the following June at an age of 12 months. This was done to bring the trial into a "winter" cycle and evaluate the responses to mulching when growing through winter. The fifth ratoon (R5) is therefore referred to as the "winter" crop.
MATERIALS AND METHODS

A field experiment was established in
Weather data (rainfall (mm)) was collected during each growing season (ratoon) from an automatic weather station (AWS) situated at the experimental site. The long term mean (LTM) monthly rainfall was also calculated for each site to characterise the growing seasons in terms of rainfall. The LTM represents the mean monthly rainfall data from 2003 up until the harvest dates. Growth measurements were taken at two week intervals from 2 x 2 m sections which were randomly assigned to net rows (experimental lines) prior to emergence.
Tiller counts (stalk population) were determined within the 2 m sections, whereas stalk height was measured from 10 randomly selected plants per plot at each measurement event. The final stalk population was determined by counting all of the millable cane from two of the three net rows at harvest. Stalk population was subsequently expressed as the number of stalks per hectare.
At each harvest, stalk samples were taken by cutting 12 stalks from the net rows for determination of the estimated recoverable crystal percentage (ERC %). The ERC% is a quality parameter derived from an equation that accounts for the amount of sucrose, nonsucrose, and fibre in cane deliveries. Cane yield in tons cane/ha (TCANE) was measured by hand-cutting and weighing the net plots with a mechanical grab apparatus fitted with a load cell. Tons of ERC/ha (TERC), was calculated as a product of TCANE and ERC. The TERC is the commercial parameter for which growers are remunerated in the industry.
From each of the 12 stalks used for sucrose sampling, the components of mulch which included green leaves and dead brown leaves were separated into brown paper bags. These components were dried at 75 o C for approximately 72 hours. The samples were then weighed to calculate the total mulch yield (tons/ha) for each cultivar on a dry mass basis.
Soil water content was measured using soil moisture sensors (10HS, Decagon Devices, Pullman, USA). The sensors were installed at 20-25 cm depths in selected burnt and mulched treatments (six replicates) of the same cultivar and readings were taken at two week intervals.
Hobo data loggers (Onset Computer Corporation, Bourne, USA) were used to monitor soil temperature. The devices were set to log temperatures every 15 minutes and were installed at a depth of 15-20 cm in selected mulched and burnt plots of the same cultivars.
All parameters measured at each harvest were subjected to a combined analysis of variance (ANOVA) to establish cultivar, mulch, and ratoon and their interactions. Comparison of means was performed using Duncan's LSD test at 5% significant difference and statistical analyses were done using GenStat Statistical Package version 14.
RESULTS
Seasonal characteristics
Rainfall patterns and distributions differed across all four cropping seasons. The first few summer months after ratooning in the first ratoon (R1) had rainfall similar to the long term mean (LTM), however, rainfall dropped below the LTM later in the season in winter ( Figure   1a ). Generally, the second ratoon (R2) had above LTM rainfall over most of the cropping period and was considered as a good season. In contrast, rainfall in the third ratoon (R3) 
Yield and yield components
The combined analysis of variance showed that the ratoon (R), mulch (M) and cultivar (C) main effects were significant for all yield components, in general (Table 1 ). The mulch effect accounted for more variation in cane yield and stalk mass compared to the ratoon effect (as suggested by the size of the mean square values). However, for yield components such as ERC%, TERC, stalk population and stalk height, R had a greater effect on the total variation as compared to M. Moreover, for all yield components, except for ERC%, the C source of variation had the least effect on the total variation. The R x M and R x C interactions were also significant for most of the yield components, with exception of stalk mass. Furthermore, the R x M interaction had a greater effect on the total variation for all yield components as compared to all the other interaction effects. Generally, the C x M interaction and three way R x M x C interaction was not significant with respect to cane yield, TERC, stalk population, stalk heights and stalk mass. In general, cane yields were significantly (p<0.05) improved by the mulch treatment across all four ratoon crops for most of the cultivars (Figure 2 ). However, in the second ratoon crop, where high rainfall (230 mm) was received before canopy closure (Figure 1a ), the improvement due to mulching was marginal (in comparison to other crops) and not statistically significant for some cultivars (Figure 2b ). The cane yield improvements due to mulching were different across all four ratoon crops. The highest yield improvements were found for cultivars N47 (53%), N39 (27%), NCo376 (58%) and N45 (85%) in the first, second, third and fifth ratoon, respectively (Figure 2 ).
The responses of TERC were similar to the responses of cane yield. The mulch treatment significantly (P<0.001) improved TERC for most cultivars across all four ratoons (Figure 3 ).
The highest TERC improvements due to mulching were observed for N47, with 72 and 74%
in the first and third ratoon, respectively. In the second and fifth ratoon, cultivar N39 showed the highest improvements of 42 and 92%, respectively. The effects of mulching on ERC% varied across cultivars and crops, ranging from marginal improvements to marginal reductions due to mulching (not shown).
In all three summer ratoons (R1, R2 and R3) stalk population, stalk height and stalk mass were affected similarly by mulching, and as a result the means across the three crops for each of these variables are presented here. The responses to mulching in the fifth (winter) ratoon were different, and are therefore presented separately (Table 2 ). There were no significant differences in final stalk population due to mulching for all cultivars in the summer ratoons (Table 2 ). However, in the winter crop (fifth ratoon), the mulch treatment significantly improved stalk populations for most cultivars, with the exception of cultivars N42 and N27 (Table 2) .
Stalk heights, on the other hand, were significantly improved by mulching for most cultivars (except NCo376), when averaged over all three summer ratoons (Table 2 ). In the winter crop, all cultivars showed significant improvements in stalk height with mulching. The individual stalk mass was generally improved by mulching for all cultivars in both the summer and winter ratoons. Greater improvements in stalk mass and stalk heights due to mulching were observed in the winter crop, compared to the summer crops. The weakest response to mulching in the second ratoon with respect to stalk population , stalk height and stalk mass (Table 2) can be related to higher rainfall received during the peak growing season (January) (Figure 1a) . In contrast, the best responses to mulching in the fifth ratoon for the same yield components (Table 2 ) was related to low rainfall during peak growing season in January (Figure 1b) . These results give an indication of the effect of the mulch layer in both high rainfall (sufficient water available (Figure 1a (second ratoon)) and water limiting (Figure 1b) seasons.
Effects of mulching on canopy development
In all the ratoon crops the growth patterns were similar for most cultivars when stalk population and stalk heights for each cultivar x mulch treatment was plotted as a function of days after ratooning. The mean of all cultivars in both treatments are therefore shown ( Figure   4 ). The burn treatment generally had significantly higher stalk population at the early emergence stage compared to the mulch treatments and this was consistent across all ratoons for all cultivars. In the first ratoon, the differences lasted up until peak stalk population, where after differences between the treatments were no longer significant for the rest of the season (Figure 4a ). In the second ratoon, the significantly higher stalk population in the burn treatment was observed only at the early emergence stage. These differences were no longer present from peak stalk population onwards (Figure 4b ). Similarly, in the third ratoon, the burnt treatment had significantly higher stalk population at the start of the growing season, there after the differences faded away (Figure 4c ). The winter crop took longer to reach peak stalk population when compared to the three summer crops for both the mulch and the burn treatment ( Figure 4d ). In this ratoon, the higher stalk population in the burn treatment persisted even after peak stalk population, however, from late January 2014 (approximately 209 days after ratooning) the differences became non-significant.
No differences in stalk height were observed between the burn and mulch treatment at the beginning of the rapid stalk elongation phase in both the first and the third ratoon (Figure 4a and 4c). Thereafter, the stalks in the mulch treatment were consistently taller compared to the burn treatment throughout the growing season in both ratoons. In contrast, no significant differences in stalk height between the burn and the mulch treatment was observed in the second ratoon throughout the growing season (Figure 4b ). In the fifth ratoon, the mulch treatment had a much more rapid stalk elongation compared with the burnt treatment. The rapid stalk elongation was observed from emergence but became more significant from early
October 2013 (about 97 days after ratooning), and persisted until harvest (Figure 4d ).
Effects of mulching on soil water content
Volumetric soil water content was consistently higher in the mulch treatments throughout the growing season for all ratoons ( Figure 5 ). The first ratoon (Figure 5a ) generally had the smallest percentage water content difference between the treatments as compared to the other ratoons. In the first and fifth ratoons, the differences in soil water content were higher early in the growing season, and these differences became smaller as the season progressed. In the second and third ratoons, the differences between burn and mulch treatments remained consistent throughout the growing season (Figure 5b and 5c ). 
Mulch production by cultivars
The estimated mulch production by different cultivars was different in each production season ( Figure 7) . The second ratoon (R2) had the highest mulch yields in general. Generally, the estimated mulch production decreased with each successive ratoon. Cultivar N47 was the highest mulch yielding cultivar in all ratoons, ranging from as high as 20 t ha -1 in the second (sufficient water, no stress) ratoon to10 t ha -1 in the fifth ratoon (water stressed). N45 was the lowest mulch yielding cultivar (13 t ha -1 ) in a high production year (R2), while NCo376 produced the lowest quantities of mulch in both the third and the fifth ratoon with 7.6 t ha -1 in both ratoons. The mulch yield/cane yield ratios per cultivar ranged from 30% for cultivar N47 to 23% for both cultivars N41 and N45 in the second ratoon. In the third ratoon the ratios ranged from 33% for N47 to 24% for cultivar N35. In the fifth ratoon the ratios ranged from 24% for both cultivars N49 and N39 to 20% for cultivar N47 (Data not presented).
However, there were no strong correlations (R 2 = 0.486) in the second ratoon. In the third and fifth ratoon there were positive and moderate correlations (R 2 = 0.78 and R 2 = 0. 65 respectively) between mulch yield and cane yield. 
Discussion
Mulching generally improved cane yields, regardless of the ratooning season (summer crop or winter crop) (Figure 2 ). The dominant effect of mulching on cane yield were also illustrated by the magnitude of the mean square values relative to the effects of the other sources of variation (Table 1 ). The cane yield improvements due to mulching were, however, variable from one crop to the next and between cultivars within the same cropping season.
The differences in improvement were likely due to the differences in amount and seasonal distribution of rainfall from one crop to the next (Figure 1 ). From the rainfall data, it was clear that the second ratoon crop had above LTM rainfall for most of the critical sugarcane growing period and therefore did not suffer much water stress as compared to the other crops.
This resulted in the second ratoon crop having the least improvements due to mulching of 18% as compared to 30, 36 and 64% in the first, third and fifth ratoon respectively. These results are in agreement with those reported by Van Antwerpen et al (2001) , where they found that yield response to a mulch treatment decreased with an increase in rainfall. De Beer et al (1995) also reported that yield gains under mulched conditions can mostly be observed in exceptionally dry or low rainfall areas. Furthermore, Van Antwerpen et al (2001) reported 12% (9 t h -1 ) yield improvements by mulching in the coastal regions in dry periods.
Studies conducted with mulching have mostly associated cane yield improvements with its ability to retain soil water better as compared to bare conditions. In the current study, the mulch treatment maintained higher soil water content throughout the growing season for all four ratoon crops ( Figure 5 ). The soil water content differences between burn and mulch treatments were the driving force for cane yield improvements, especially in ratoons (crops) with below LTM rainfall during critical times of the growing season. Thompson (1965) also reported that the potential conservation of water by mulching would be more beneficial under conditions of inadequate rainfall in South Africa.
Cane yield is expressed as sugarcane mass per land unit. It is therefore a function of final stalk population (millable stalks/ha) and individual stalk mass (Orgeron 2000) . From the results presented in Table 2 for stalk population it was clear that stalk population did not play a role in improving cane yield in the summer ratoons, as no significant differences were observed between treatments. A study by Digonzelli et al. (2011) also reported that there were no significant differences in stalk population between the burn and the mulch treatment of a 2006/2007 crop harvested in summer. In contrast, the significantly higher stalk population at harvest for the mulch treatment at the fifth ratoon contributed to better improvements in cane yield as compared to the three summer crops. However, it is not final stalk population alone that determines the final yield improvements for a specific cultivar.
Mean stalk mass is another important variable that drives the final cane yield. The significant improvement in stalk mass in the summer crop contributed highly to the improvement in cane yield (Table 2) . Mean stalk mass is further determined by components such as stalk height and stalk diameter. In this experiment stalk diameter was not measured. Mulch treatments significantly (P<0.001) affected stalk heights (Table1). The higher water content in the mulch plots ( Figure 5 ) may have indeed contributed to continual stalk elongation, thereby leading to taller stalks at harvest, especially in the fifth ratoon (winter crop). In contrast, stalk height for most cultivars was not significantly affected by mulching in the second ratoon crop (results not presented), the reason being that the second ratoon crop received above LTM rainfall for most part of the growing season (Figure 1b) , thereby eliminating the advantage of having a mulch blanket.
Estimated recoverable crystal yield (TERC) is a product of cane yield and ERC and is a key economic factor to consider when choosing a cultivar. It was apparent that cultivar N39 and N47 have higher economical returns when mulched and the least economic returns can be expected from N35, N41 and N42 (Figure 3 ). The higher TERC in the mulched treatment for both cultivar N47 and N39 were a result of improvement in both cane yield and ERC% (results not presented) of these cultivars. In the first ratoon crop N39 and N42 had significantly improved cane yields ( Figure 2a ) and both had reduced ERC% but had significantly improved TERC due to mulching (Figure 2a) . Accordingly, in the fifth ratoon crop, cultivar NCo376 had significantly improved cane yields, and although ERC% was significantly reduced due to mulching, the TERC was significantly improved. However, in the third ratoon crop, the cane yield improvement for N45 was not significant, but ERC% were numerically higher in the mulch treatment compared to the burn, but this did not lead to significantly improved TERC values. All of this proves that even though both cane yield and ERC% contribute to final TERC, a more vigorous crop, hence higher cane yield, contributes to a greater extent to improvements in TERC. Ahmed and Khaled (2008) also reported that cane yield is the most important component of sugar yield (TERC).
In order to fully understand the effects that the mulch treatments (burn and mulch) had on sugarcane cultivars, it was important to study their growth and development during the growing season. In this study the significant delay in emergence due to mulching that was observed for all cultivars in all four ratoons (Figure 4 ) was possibly due to lower soil temperatures under the mulch blanket. In the winter ratoon lower soil temperatures early in the season under mulch were recorded ( Figure 6 ). The results of this study are in line with those reported by Torres and Villegas (1995) and Morandini et al. (2005) , where they also found a reduction in stalk population where cane was mulched. In their study reduction was also attributed to lower soil temperature prevalent under the mulch blanket. Beater and Maud (1962) also reported that mulching had a retarding effect on initial crop growth and tillering.
In contrast Digonzelli et al. (2011) reported no significant differences in emergence between the burn and mulch treatment in a summer ratoon, they attributed this to temperatures that were always above 20 o C throughout the growing season.
Generally, after peak stalk population and canopy closure, differences between burn and mulch treatment fade away (Chapman et al. 2001 and Singles 2012) . This was in agreement with the findings in this study in all the ratoons (Figure 4 ). The similarities in stalk population between the treatments were also manifested on the final stalk population for the summer ratoons (Table 2 ). In the first, third, and fifth ratoon crop (Figure 4a, c and d respectively) the stalks in the mulched treatment elongated quicker than the burn because of the consistently higher soil water in the mulch treatment ( Figure 5 ). Olivier and Singles (2012) also reported similar results; they also reported that stalk elongation was highly sensitive to water stress. On the other hand, the second ratoon did not experience much water stress, hence no significant differences in stalk elongation were observed (Figure 4b ).
Conclusions
Mulching generally improved cane yield of all cultivars across all four seasons in the coastal rainfed region. The magnitude of the improvements differed from one cultivar to the next and with ratoons, with drier seasons having a higher cane yield improvement due to mulching.
The improvements in cane yield were primarily attributed to the higher soil water content prevalent under the mulch blanket.
Although ERC% response to mulching was variable for cultivars and across seasons, TERC for all cultivars was significantly improved by mulching, regardless of the ratoon. Cultivar N47 had the highest improvement in TERC for the drier summer ratoons and cultivar N39
had the highest improvements in a wet summer ratoon and in a winter ratoon. Improvements in TERC were mostly due to improved cane yields rather than ERC%.
All cultivars showed delayed emergence and tillering due to mulching, both in winter and summer ratoons. This delay in emergence and establishment was attributed to lower soil temperatures under the mulch blanket. In general, this retarding effect of the mulch blanket disappeared later during the season and as a result no significant differences in stalk population, especially in the summer ratoons, were observed towards the end of the growing season for most cultivars.
The amount of mulch produced was dependent on the cane yields produced in that season and varied between cultivars. High cane yielding ratoons had higher mulch yields and vice versa.
Moreover, the positive and moderate correlation coefficient between mulch and cane yield in the third and fifth ratoon indicate that the higher the production level (cane yield), the higher the mulch yields to be expected in the field.
Additionally, the data generated in this study regarding population dynamics, yield responses of cultivars, and seasonal responses in burnt vs. mulched conditions can contribute to improve modelling of this recommended practice under rainfed conditions. Furthermore, information generated on mulch yields of different cultivars will assist in future decisions on cogeneration of electricity from sugarcane.
